Laser welding of Type 422 stainless steel (SS) with Inconel 625 filler metal additions was investigated. Tensile, impact, and fatigue crack growth tests were performed on laser welds and 422 SS base plates as well. The soft zone, consisting of ferrite with extensive M 23 C 6 carbides at grain boundaries, was observed in the heat-affected zone (HAZ) adjacent to the weld interface of 700°C/2 h tempered welds. The existence of soft zone in the weld was detrimental to impact toughness and caused brittle fracture at room temperature. Nevertheless, such a deteriorated effect was less severe at elevated temperatures. Either the soft zone or the weld metal (Inconel 625) did not affect the strength of welds in tensile tests. Consequently, the fracture location of laser-welded specimens was in the base metal at both 25 and 540°C. The fatigue crack growth rates (da/dN) in the weld metal and HAZ of the weld after tempering were less than those of the 422 SS base material for similar DK ranges. The retardation in da/dN was obvious at low DKs for the weld tempered at 700°C/2 h. Such retardation became very significant and an accelerated da/dN in the HAZ was resulted if the tempering treatment was not performed on the weld.
Introduction
Type 422 stainless steel (SS), a modified AISI 420 martensitic SS with Mo and W additions, is designed for service temperatures up to 650°C with a satisfactory combination of strength and toughness.
1) It is primarily used for turbine blades, high-strength fasteners, valves, as well as structure components of aircraft applications. 1) Coating of the steel is not generally required to against corrosion in service, 2) owing to a high chromium content (12 wt% Cr) of the material. Turbine blades made of martensitic stainless steels, e.g. 403 and 422 SS, are used frequently in modern fossil power plants. The response to hardening and tempering of martensitic stainless steels is similar to that of hardenable carbon and low-alloy steels. Type 422 SS can be heat treated to obtain a wide range of mechanical properties to meet the requirements of a specific application, but it is not easy to weld due to crack sensitivity. 1) In order to reduce the cracking tendency, field repair welding is often performed with austenitic SS or Ni-base welding electrodes.
3) Ni-base filler metals are used because of their good ductility and tolerance of dilution, in which Inconel 82 and 625 are particularly versatile materials for dissimilar metal welding. The selection of Ni-base filler metals is based mainly on the mechanical properties, in particular the strength level, required for a specific application. The minimum tensile strength of Inconel 625 in the as-welded condition is 758 MPa, which is considerably higher than that of Inconel 82 filler metal of 551 MPa. 4) Inconel 625 can remain high strength at elevated temperatures with good oxidation resistance. 5) In addition, it has excellent weldability and has been used widely for overlaying applications.
Laser beam welding is a mature technology and is becoming of great interest in various industries for precision welds. It is characterized by a short interaction time with the intense energy density. As a result, the process has a low heat input and causes less distortion of the weldment than conventional welding processes. Repair welding of damaged parts is one of important applications in laser materials processing. Ductile Ni-base filler metals are often utilized in the welding to minimize the strain imposed on the hardened heat-affected zone (HAZ) and to compensate for weld metal (WM) shrinkage. 6) Inconel 82 has been found to be the most commonly used filler metal, however, the formation of softened area in the HAZ of the welds cannot be avoided.
7) The existence of soft zone could affect the mechanical properties of the joint not only at elevated temperatures but also at room temperature.
The purpose of this investigation was to study the microstructure and mechanical properties of laser-welded 422 SS specimens with Inconel 625 filler metal. Tensile, impact, and fatigue crack growth tests were performed on laserwelded specimens at room temperature and the results were compared to those of unwelded base plates. Furthermore, tensile and impact specimens were also conducted at 540°C, the normal operation temperature of IP (Intermediate pressure) steam turbine blades in the power plant. In addition, the microstructure and associated mechanical behavior of the soft zone adjacent to the weld interface were discussed.
Material and Experimental Procedures
The alloy used in this investigation was Carpenter 636 (Type 422 SS) in the form of a 16-cm-diameter bar. The chemical composition of the steel in weight percent was 0.24C, 11.98Cr, 1.07Mo, 0.99W, 0.76Ni, 0.71Mn, 0.26V, 0.38Si, 0.016P, 0.006S, and balance Fe. Discs (ϳ4 mm thick) which were sliced from the bar were austenized at 1 038°C in a vacuum furnace for 40 min and cooled to room temperature by purging high pressure nitrogen into the specimen chamber. Tempering of specimens was performed at 750°C for 2 h, followed by air cooling.
In laser welding experiments, a machined V-groove is introduced into the specimen as shown in Fig. 1 . After filling out the groove with filler metal by lasers, a symmetrical groove on the other side of the specimen was made and then welded again. In fact, the cross section of laser-welded specimens was essentially the same as that of double-Vgroove welds. Deloro 625 alloy powder, which was purchased from Deloro Stellite with the particle size in the range of 46 to 100 mm, was employed as filler metal in laser welding. The nominal chemical composition of the powder in weight percent was: 21.5Cr, 9.35Mo, 5.22Fe, 3.13Cbϩ Ta, 0.21Al, 0.19Ti, 0.36Co, 0.38Mn, 0.15Si, 0.016P, 0.003S, and balance Ni.
A Rofin-Sinar RS-850 5 kW CO 2 laser was used for welding. Metal powder was directly deposited on the Vgroove and then scanned by a defocused laser beam. The preheat temperature was maintained at 250°C, and the specimen was held at this temperature for one hour after completion of welding. Table 1 lists the detailed laser welding parameters used in the experiment. After laser welding, all specimens were subjected to a 700°C/2 h postweld or stress-relief heat treatment.
Tensile and Charpy impact specimens were made according to the specifications of ASTM E8-90a 8) and E23-91, 9) respectively. Tensile specimens (25 mm gauge length and 3 mm thick) with a narrow WM in the central part of the gauge length were used. For impact specimens (2.5 mm thick), the V-notch was made right at the weld centerline and 1 mm off the weld centerline of laser welds. Tensile and impact tests were conducted at room temperature and 540°C. In the fatigue crack growth tests, the CT specimen (3 mm thick) was used and had been discussed elsewhere. 10, 11) The crack growth direction was normal to the welding direction and the distance between the notch tip and the fusion line of laser welds was about 8 mm. The tests were conducted on a MTS machine at room temperature and the procedures followed the standard of ASTM E647-91 12) with a stress ratio of 0.1. The microstructures of laser-welded specimens were analyzed using scanning electron microscope (SEM) and transmission electron microscope (TEM) techniques. Metallographic observations were also carried out after etching the welds using Vilella's reagent for 422 SS and a concentrated hydrochloric acid solution with a few drops of hydrogen peroxide for Inconel 625. Thin foils for TEM were prepared by a standard jet polisher and an ion miller. In addition, the fracture surfaces of impact specimens were examined by SEM with the attention paid to the weld interface of laser welds. in g matrix as revealed in Fig. 2(b) . Within the fusion zone, a boundary layer of significant concentration gradients between the BM and the WM is observed as shown in Fig. 3 . It contained heavily and lightly etched regions ( Fig. 2(a) ), which could be attributed to the variation of alloy compositions in the layer. Figure 3 also clearly demonstrates that Inconel 625 can tolerate dilution from a variety of elements without becoming crack-sensitive. Although Inconel 625 was originally designed as a solid solution strengthened alloy, the precipitation of Ni 3 Nb intermetallic particles has seen found after tempering in the temperature range of 650 to 950°C. 13) It was also noted that the WM had a slightly higher hardness in the 700°C/2 h tempered condition (ϳ230 Hv) than in the as-welded condition (ϳ210 Hv). Apparently, the presence of Ni 3 Nb precipitates in the WM could be responsible for such a change.
In Fig. 2(a) , a soft zone (ϳ205 Hv) of approximately a grain wide can also be seen in the HAZ (422 SS) adjacent to the weld interface. It has been reported that the carbon denuded soft zone could seriously deteriorate the creep strength of the joint at elevated temperatures.
14) The formation of carbon denuded soft zone had been reported in dissimilar welding of Cr-Mo steels with higher-chromium filler metals, 15) owing to diffusion of carbon from the lowerCr base metal to the higher-Cr weld metal. Similarly, carbon atoms could migrate along the activity gradient from the BM of 422 SS (12 % Cr) to the WM of Inconel 625 (22 % Cr) in this investigation. The soft zone on both sides of the WM is parallel to the weld interface and discontinuous in nature, which is formed immediately after welding as shown in Fig. 4(a) . In addition, a larger soft zone in the HAZ of the first deposit close to the root of the second pass was observed on laser welds. This was similar to the growth of soft zone if the weld tempered at elevated temperatures for a prolonged period of time.
15) The precipitation of carbides at boundaries of the soft zone can also be seen for the weld tempered at 700°C for 2 h as revealed in Fig. 4(b) . Energy dispersive X-ray analysis at locations A (within the soft zone) and B (near the soft zone) as marked in Fig. 4(b) reveals the existence of more ferrite-forming elements in the soft zone. The chemical composition (wt%) was 12.55 % Cr, 1.34 % Mo, 2.14 % W, 0.37 % Si and balance Fe at location A and 11.30 % Cr, 0.80 % Mo, 2.09 % W, 0.24 % Si, 0.86 % Ni and balance Fe at location B. TEM examinations of the same weld confirm that the soft zone is essentially ferrite with extensive M 23 C 6 carbides at grain boundaries as displayed in Fig. 5 . Nearby the soft zone, the HAZ (422 SS) after tempering consists of tempered martensite (Fig. 5(c) ), in contrast to martensite with retained austenite at lath boundaries in the as-welded condition as given Fig. 6. Table 2 shows the tensile properties at room temperature and 540°C for laser welded specimens and Inconel 625 specimens (made by laser direct casting of the Inconel 625 powder via a coaxial nozzle). Tensile properties of unwelded 422 SS specimens from the literature 16) are also included in the table for comparison. Since the gage length of tensile specimens contained the WM, HAZ, and BM, the deformation behavior is different among these regions. Thus the tensile results represent the overall properties of the weld regions. Under such circumstances, the fracture location became an important indication of the weld properties.
Tensile and Impact Tests
At room temperature, the difference in tensile properties between welded and unwelded specimens were little. The fracture location of welded specimens was at the BM, even through the hardness of the WM (ϳ230 Hv) was less than either the HAZ (ϳ330 Hv) or the BM (ϳ270 Hv). Figure 8 displays the hardness profile across the WM measured on either the top or the bottom surface of laser welds. Comparing the measurement before and after tensile testing, it revealed that the WM (Inconel 625) increased its hardness beyond the hardness of the BM in tension. The extent of WM in Fig. 7 is also increased after testing; indicating a considerable amount of plastic deformation was occurred. The large difference between the yield (510 MPa) and tensile (876 MPa) strengths of Inconel 625 also implied a significant work hardening of the material prior to frac- ture. The work hardening rate (qϭds/de) could also be determined directly from the slope of the true stress-strain curve at room temperature. The q value calculated from the curve is 2 049 MPa for Inconel 625 (all WM). It was evident that the work-hardened WM increased its strength level and eventually led to break in the BM of laser welds at room temperature. Generally, the strength decreases and the ductility increases of steels as the testing temperature increased. For specimens tested at 540°C, the fracture location was the same as those at room temperature. It should be pointed out that Inconel 625 had a higher tensile strength (683 MPa) than 422 SS (510 MPa) at 540°C. The considerable discrepancy in tensile strength between the WM and the BM caused tensile fracture of specimens in the BM. Table 2 also reveals that laser-welded specimens exhibit similar tensile properties as unwelded ones at both room temperature and 540°C. Charpy impact testing could be used to evaluate the toughness of the WM. The impact energy of laser welds (700°C/2 h tempered) at room temperature was about 12 J if the notch of impact specimens was made right at the centerline of the fusion zone, which was close to 13 J of the base metal (750°C/2 h tempered). However, the impact value reduced to 7 J or even lower if the notch was off the center of the WM. Apparently, the existence of carbide networks at ferrite grain boundaries can lead to the brittle fracture of specimens as indicated in Fig. 8(a) . For welds in the aswelded (or 250°C/1 h tempered) condition, the fracture appearance of impact specimens (off-center notched specimens) within the soft zone is less brittle as shown in Fig.  8(b) . This could be associated with the absence of extensive carbides at ferrite grain boundaries in the as-welded specimens. However, the fracture appearance in the HAZ other than the soft zone was quasi-cleavage, owing to the inherent brittleness of untempered (or slightly tempered) martensite.
For impact testing at 540°C, the impact energy of the WM (notch at the centerline of the fusion zone) and 422 SS (the BM) was 15 and 13 J, respectively. The results indicated that the impact energy of the Inconel 625 WM and the BM increased slightly by increasing the testing temperature from 25 to 540°C. It was expected that the impact toughness of Inconel 625 WM was temperature-insensitive due to its face-centered cubic structure. While the impact energy of 422 SS (a body-centered cubic material) remained more or less the same at temperatures of concern, implying that the ductile-brittle transition temperature of the experimental material was below 25°C. On the other hand, the presence of soft zone in laser welds tempered at 700°C/2 h was less harmful to impact toughness at 540°C than that at 25°C. The impact value at 540°C was reduced to about 10 J for the impact specimen with a notch located 1 mm off the weld centerline. Figure 9 exhibits the fracture appearance of an off-center impact specimen tested at 540°C, revealing a less brittle fracture in the soft zone as compared to that in Fig. 8(a) .
Fatigue Crack Growth Characteristics
The variation of crack growth rates among different regions of laser welds could be obtained by growing a crack normal to the welding direction. Figure 10 shows the fatigue crack growth rate (da/dN) vs. stress intensity factor range (DK) curves of specimens with or without laser welding. The total width of the WM and the associated HAZs as measured on CT specimens was about 3.5 mm. Therefore, only a narrow DK range (17 to 22 MPa √ m -) was encountered as the crack propagated across the regions of interested. It was noted that the WM and the HAZ exhibit residual tensile stresses in the direction parallel to the welding direction, while the BM away from them show residual compressive stresses. 17, 18) The presence of compressive stresses in the BM can reduce the fatigue crack growth rate, 18) in particular, at low DK values. Within this DK range, the da/dN of WM and HAZ was lower than that of the unwelded specimen (or the BM) for laser welds after 700°C/2 h tempered. For DK less than 17 MPa √ m -, the compressive residual stress ahead of crack tip would cause the crack closure 19, 20) and result in the decreased da/dN. Residual stress measurements on a CT specimen (700°C/2 h tempered) indicated the existence of compressive residual stresses in front of the crack tip. For instance, the longitudinal residual stress was measured approximately 200 MPa in compression at 2 mm in front of the crack tip, implying that a 700°C/2 h tempering treatment might not be sufficient for stress relieving. The retardation in da/dN was obvious particularly for dissimilar welds at low DKs due to considerable differences in physical and mechanical properties between the WM and the BM.
In case of a laser weld without tempering, the retardation of da/dN was very significant and extended DK to about 28 MPa √ m -. The threshold stress intensity (ϳ28 MPa √ m -) for crack growth of the untempered weld was increased substantially owing to the presence of higher residual compressive stresses ahead of the notch tip in the specimen. It is also important to note that the enhanced da/dN in the HAZ is apparent as shown in Fig. 10 . The microstructure in the HAZ of laser welds consisted of hard martensite (ϳ610 Hv), which was only slightly tempered, in the as-welded condition. The untempered weld should not be used due to an abruptly increased da/dN in the HAZ once the DK in excess of a threshold value.
The foregoing results present the microstructure and mechanical properties of laser-welded 422 SS with Inconel 625 filler metal, together with the detrimental effect of the soft zone. Further work on the selection of filler metal to improve the mechanical properties of the weld joint is required. In particular, the application of an alloy powder (not commercially available) having a chemical composition similar to that of the experimental 422 SS is in progress. Preliminary results indicate that weld joints using 422 SS powder as a filler metal are stronger and can eliminate the problem associated with the formation of soft zone as in the present study. The detailed analysis of such welds is under extensive investigation.
Conclusions
(1) The soft zone of about a grain wide in the HAZ adjacent to the weld interface was formed immediately after welding 422 SS with additions of Inconel 625 filler metal. This zone had a considerably lower hardness (ϳ205 Hv) as compared with the surrounded HAZ, e.g. 610 and 330 Hv in the as-welded and tempered conditions, respectively.
(2) The soft zone in laser welds consisted of ferrite with extensive M 23 C 6 carbides at grain boundaries after tempering at 700°C/2 h. It was detrimental to impact toughness of laser welds at room temperature but to a less extent at 540°C. Fractographic examinations also revealed brittle fracture in that region of laser welds.
(3) The hardness of the WM (Inconel 625) was less than either the HAZ or the BM of laser welds. However, work hardening of the WM in tensile tests at room temperature increased the hardness of the WM beyond the BM and led to fracture in the BM. At 540°C, Inconel 625 had a considerably higher tensile strength than 422 SS to cause tensile fracture in the BM of laser welds.
(4) The impact toughness of both Inconel 625 WM and 422 BM increased lightly from 25 to 540°C. The impact value was 12 J at 25°C and 15 J at 540°C for the WM, while it maintained about 13 J for 422 BM in the temperature range of concern. However, the impact value could reduce notably if the notch was off the center of the WM due to the encounter of an embrittled region (soft zone) in the fracture path.
(5) The fatigue crack growth rates in the WM and HAZ of the tempered weld were less than those of the unwelded 422 SS for similar DK ranges. The retardation in da/dN was obvious at low DKs for the weld tempered at 700°C/2 h due to the influence of residual stresses. It became very significant with an accelerated da/dN in the HAZ if the tempering treatment was not performed on the weld.
